Characteristic of damage introduced in DNA by ionizing radiation is the induction of a wide range of lesions. Singlestrand breaks (SSBs) and base damages outnumber doublestrand breaks (DSBs). If unrepaired, these lesions can lead to DSBs and increased mutagenesis. XRCC1 and DNA polymerase beta (pol␤) are thought to be critical elements in the repair of these SSBs and base damages. XRCC1-deficient cells display a radiosensitive phenotype, while proliferating pol␤-deficient cells are not more radiosensitive. We have recently shown that cells deficient in pol␤ display increased radiosensitivity when confluent. In addition, cells expressing a dominant negative to pol␤ have been found to be radiosensitized. Here we show that repair of radiation-induced lesions is inhibited in extracts with altered pol␤ or XRCC1 status, as measured by an in vitro repair assay employing irradiated plasmid DNA. Extracts from XRCC1-deficient cells showed a dramatically reduced capacity to repair ionizing radiation-induced DNA damage. Extracts deficient in pol␤ or containing a dominant negative to pol␤ also showed reduced repair of radiation-induced SSBs. Irradiated repaired plasmid DNA showed increased incorporation of radioactive nucleotides, indicating use of an alternative long-patch repair pathway. These data show a deficiency in repair of ionizing radiation damage in extracts from cells deficient or altered in pol␤ activity, implying that increased radiosensitivity resulted from radiation damage repair deficiencies. ᭧ 2007 by Radiation Research Society
INTRODUCTION
Making use of the destructive nature of ionizing radiation, radiotherapy has developed into a potent and widely used modality in cancer treatment, with cellular radioresistance posing a limiting factor in treatment outcome. A better understanding of how cells respond to and repair radiation damage is necessary. Exposure of cells to ionizing radiation results in formation of a wide range of damages to DNA. Double-strand breaks are thought to be the most lethal type of damage, and consequently DSB repair has been examined extensively. Less attention has been given to the repair of ionizing radiation-induced base damages and single-strand breaks (SSBs), although they are induced at much higher yields. If unrepaired, these damages will result in additional double-strand breaks and/or an increased rate of mutagenesis.
DNA damage resulting from either oxidative damage or exposure to alkylating drugs, like base and sugar damages and abasic sites, is repaired primarily by the base excision repair (BER) pathway (1) . BER is initiated by the removal of the damaged base by specific glycosylases, which remove damaged bases from DNA by cleavage of the Nglycosylic bond between base and deoxyribose. The resulting abasic site is incised by an AP endonuclease, resulting in the formation of nicked DNA intermediates with a 5Ј-dRP moiety (deoxyribose phosphate) and a 3Ј-phosphate end. Removal of this moiety is attributed to the dRP lyase activity of DNA polymerase ␤. Alternatively, base excision by bifunctional glycosylase generate next to the glycosylic bond cleavage a single-strand break with 5Ј-phosphate and 3Ј-␣,␤ unsaturated aldehyde. AP endonuclease (APE) incises the DNA backbone next to the abasic product generated by the glycosylase action to allow a DNA polymerase to fill the gap. Synthesis is followed by ligation and resealing of the DNA. Base excision repair proceeds by two alternative pathways: Replacement of one nucleotide defines the short patch repair subpathway of BER performed by DNA polymerase ␤, while incorporation of several nucleotides leading to longer stretches of newly synthesized DNA is called the long patch pathway. This latter pathway is thought to be dependent on PCNA, and DNA polymerase ␤ as well as the replicative DNA polymerases delta/epsilon have been described to be involved (2, 3) . Ligase III bound to XRCC1 closes the remaining nick in the short patch repair subpathway, whereas long patch repair seems to mostly use Ligase I (XRCC1 independent) (4) .
One of the first proteins to be implicated in single-strand break repair was XRCC1, originally found to complement radiation sensitivity in the mutant hamster cell line EM9 282 VENS, HOFLAND AND BEGG (5) . Further studies showed increased sensitivity to several DNA-damaging agents and impairment of SSB rejoining by alkaline comet analysis. In in vitro repair assays applying oligonucleotides to purified proteins, Whitehouse et al. then showed that single-strand break repair required XRCC1 and DNA polymerase ␤ (6) .
Most in vitro assays that led to the development of repair models for base excision and single-strand break repair have used short oligonucleotides or circular DNA with well-defined DNA lesions. For damages relevant to ionizing radiation, these are 7,8-dihydro-8-oxo-2Ј-deoxyguanosine (8-OxoG), formaminopyrimidine (Fapy), abasic sites, single-strand breaks and thymine glycol derivatives. All these studies showed the critical role of DNA polymerase ␤ and XRCC1 in repair of these lesions (7) (8) (9) (10) (11) (12) (13) (14) . Cells deficient in XRCC1 are radiosensitive, and the involvement of XRCC1 in base excision repair and single-strand break repair has been underlined in many cellular studies. The radiosensitive phenotype has been attributed mainly to its role as a ''nick sensor'', initiating single-strand break repair and to the concomitantly reduced Ligase III. DNA polymerase ␤-deficient cells are highly sensitive to alkylating damage, confirming its role in base excision repair. However, in contrast to XRCC1, proliferating pol␤-deficient cells do not exhibit a radiosensitive phenotype (15, 16) . To date, the sole experimental data to support its involvement in cellular resistance to ionizing radiation come from studies with a dominant negative to DNA polymerase ␤ (17). Recent data from our group demonstrated hypersensitivity of cells deficient in pol␤ to ionizing radiation, but only when they were nonproliferating under confluent conditions (18) . We therefore questioned whether base excision and single-strand break repair after exposure to ionizing radiation is inhibited by altered DNA polymerase ␤ status.
Ionizing radiation induces a broad range of types of lesion, leading to a high complexity of DNA damage. Some are few in number and are potentially difficult to repair, while others, although abundant, may not represent the critical rate-limiting factor in overall repair. In addition, some lesions if not repaired or if repaired slowly might not be cytotoxic and thereby would not contribute to survival. In addition to base and sugar lesions, nicked BER intermediates and directly induced SSBs are formed with non-ligatable ends that require further processing. In vitro assays with specific individual lesions could therefore overestimate the involvement of specific repair proteins and pathways. We therefore applied an in vitro plasmid assay that allows the monitoring of repair of genuine radiation-induced lesions. In this assay, described previously by Satoh and Lindahl (19) , DNA is irradiated prior to application of the repair assay. The DNA is then subjected to cell extracts proficient or deficient in XRCC1 or DNA polymerase ␤, rather than to purified proteins, to allow evaluation of their role in the context of possible alternative backup pathways (20) .
We also used cell extracts from cells expressing a dominant negative to DNA polymerase ␤. We have shown previously that expression of this dominant negative, consisting of a 14-kDa DNA binding domain of DNA polymerase ␤ (pol␤DN), resulted in radiosensitization (17, 21) . We further demonstrated that radiosensitization was dependent on XRCC1 but not on DNA polymerase ␤ itself (22) . We postulated that this resulted from the concomitant inhibition of repair by the wild-type polymerase and alternative backup pathways active in pol␤-deficient cells. The dominant negative is thought to interact physically with base excision/ single-strand break repair DNA intermediates, thus blocking access of DNA polymerase ␤ and other enzymes to the lesion. By directly analyzing repair on irradiated DNA in vitro, we attempted to confirm BER and SSB repair inhibition of the DNA polymerase ␤ dominant negative on genuine radiation-induced lesions.
MATERIALS AND METHODS

Cell Culture and Reagents
The A549-LZRS and A549-pol␤DN cells were derived from the A549 (human adenocarcinoma) cell line that has been transduced either with an empty LZRS-IRES-EGFP vector as control or carrying a truncated DNA polymerase ␤ construct as described previously (17) . Cells of the wild-type mouse embryonic fibroblast cell line M␤16tsA (wild-type MEF) and the matched littermate polymerase ␤ null cell line M␤19tsA (pol␤KO MEF) were kindly provided by S. H. Wilson (NIH). Cells were cultured under standard conditions as monolayers in DMEM supplemented with 10% FCS at 37ЊC in a 95% air/5% CO 2 humidified atmosphere. XRCC1-deficient EM9 cells and their corresponding AA8 parental cells were purchased from ATTC (American Type Culture Collection, Manassas, VA) and were grown in F10 medium.
Preparation of Cell Extracts
Cell extracts were prepared using a modified version of the procedure originally described by Tanaka et al. (23) and later adapted by Biade et al. (24) . Briefly, exponentially growing cells were washed with ice-cold PBS and resuspended in buffer I (10 mM Tris-HCl, pH 7.8, 200 mM KCl). Cells were lysed by addition of an equal volume of buffer II [10 mM Tris-HCl, pH 7.8, 200 mM KCl, 2 mM EDTA, 40% (v/v) glycerol, 0.2% (v/v) Nonidet P-40, 2 mM dithiotreitol (DTT), 0.5 mM phenylmethylsulfonyl fluoride (PMSF), 10 g/ml aprotinin, 5 g/ml leupeptin, 1 g/ml pepstatin] to the cell suspension and shaking for 1.5 h at 4ЊC. Cells were centrifuged at 16,000g, and the supernatant was recovered, divided into aliquots and stored at Ϫ80ЊC. Protein levels were assessed by PAGE and immunoblotting [␣-pol␤ (18S) and ␣-XRCC1 (33-2-5) NeoMarkers from Lab Vision, Fremont, CA; ␣-tubulin (TU-02) from Santa Cruz, Biotechnology, Santa Cruz, CA].
Preparation of Plasmid DNA Substrate
The 3-kb plasmid pGEM-5Zf(ϩ) (Promega) was isolated after propagation in DH5␣ using a Qiagen plasmid purification kit (Westburg). Closed circular plasmid DNA was resuspended in 10 mM Tris-HCl, pH 8.5, and exposed to 50 Gy of X rays (dose rate of 1 Gy/min) from a 137 Cs source at 0ЊC. Under these conditions, half of the DNA was open circular plasmid as determined after gel electrophoresis (20ЊC) and thus contained an average of one nick per molecule (Fig. 1) . Unirradiated DNA remained closed as determined by gel electrophoresis, demonstrating that nicks occurred after irradiation with minimal contribution from non-radiation-related oxidative damage. Nicks in the irradiated DNA are a result of prompt SSBs and secondary nicks formed at radiation-induced heat-labile sites. Nicked open plasmid DNA was separated on gels, extracted and purified by using a QIAquick Gel extraction kit from Qiagen (Westburg). After Qiagen preparation, incubation in Tris, extraction from the gel, and incubation in reaction mixture (see below) without extract, induction of nicks unrelated to radiation was determined and found to be minimal. For treatment with UVC radiation, closed circular plasmid DNA was irradiated at a dose rate of 5 J/m 2 s Ϫ1 in a Stratalinker 2400 (Stratagene, La Jolla, CA).
DNA Repair Assay
Repair of single-stranded DNA breaks induced by ionizing radiation was performed and analyzed essentially as described previously (25) . In pilot studies, different DNA concentrations and cell extract concentrations were applied to a 50-l reaction mixture [50 mM Hepes-KOH, pH 7.8, 10 mM MgCl 2 , 70 mM KCl, 3% glycerol, 1 mM dithiotreitol (DTT), 20 g/ml bovine serum albumin (BSA), 4 mM ATP, 50 M dNTP, 80 mM phosphocreatine, 5 g creatine phosphokinase, and 2 mM NAD]. Control samples with no extract or no ATP in the reaction were included in the experiments. These samples did not differ from the 0 min repair samples. Repair of unirradiated DNA (cc) was complete in less than 5 min. To monitor repair synthesis, 740 kBq [␣-
32 P]dGTP (111 TBq/mmol) was added to the reaction mixture with lowered dGTP concentrations (5 M). DNA and cell extract concentrations are given in the text. For repair assays with extracts from MEFs or EM9/AA8, 100 ng of DNA and 25 g extract were typically added to the reaction. At indicated times, the reaction, which was performed at 30ЊC in a water bath, was stopped by the addition of sodium dodecyl sulfate (SDS) to a final concentration of 0.6% and 20 mM EDTA, then followed by the RNase and proteinase K treatment. DNA was purified and recovered by using a QIAquick Nucleotide removal kit from Qiagen (Westburg). Repair assays of UVC-irradiated plasmids were performed essentially as described above with [␣-32 P]dATP added to the reaction mixture.
Open circular and closed circular forms of the plasmid were resolved by electrophoresis at 20ЊC through a 1% agarose gel containing ethidium bromide to analyze DNA repair activity. DNA was visualized after additional SYBR Green I staining with a Fluor Chem Imaging System (Alpha Innotech Corporation). Due to the additional staining with SYBR green, low amounts of DNA were detectable. For nucleotide incorporation analysis, the gel was dried under vacuum after taking images for total DNA analysis by SYBR Green and exposed on a Fuji Imaging Plate. Bands were visualized using a FUJIFILM FLA-3000 Fluorescent Image Analyzer. Quantification of SYBR Green or [ 32 P]dGMP/[ 32 P]dAMP incorporation was performed using the Phoretix 1D Software (Shimadzu).
RESULTS
Ionizing Radiation-Induced DNA Damage Repair Assay
The repair assay used in this study was originally described by Satoh and Lindahl (19, 26) and later adapted by Vodenicharov and colleagues (25) . Irradiated nicked DNA was extracted from the gel and added to cell extracts from A549 (human adenocarcinoma) cells. Extraction and purification from the gel induced few additional nicks in the irradiated DNA, as shown in Fig. 1 . After different repair intervals, the DNA was then separated on an agarose gel containing ethidium bromide. Fully repaired DNA appears in the supercoiled DNA band (cc) not present before (Fig.  1 , last lane) or without repair (no extract or no ATP control).
We first optimized repair conditions and assessed repair parameters. The purified nicked substrate DNA (oc) is converted to closed circular plasmid DNA (cc), increasing with repair time and reaching half maximum values in about 30 min ( Fig. 2A) . Linear plasmid DNA intensities were very low and did not change with time, indicating no significant increase in DSB formation (or repair) due to extract incubation. Repair was determined by the ratio of the intensity of the repaired closed circular DNA band (cc) relative to the nicked DNA band (oc), with this ratio reflecting repair efficiency (corrected for any DNA loading variations). Differences in binding efficiency of the fluorescent dye in closed circular compared to open circular DNA was accounted for by a factor of 1.6 for the closed circular DNA. We analyzed extracts from human A549 cells that were transduced with a retroviral vector expressing the 14-kDa N-terminal DNA binding domain of DNA polymerase ␤ (pol␤DN) compared to empty vector controls. Maximum repair with 50-70% of the nicked DNA (oc) converted into closed circular DNA (cc) was typically achieved after 60 min incubation ( Fig. 2A and B) .
Decreased Repair of Radiation-Induced DNA Damage in Cell Extracts with a Dominant Negative to DNA Polymerase ␤
We next determined repair efficiencies with varying substrate DNA concentrations (Fig. 3) . Figure 3A demonstrates that repair was saturated at high DNA concentrations (Ͼ50 ng/100 g extract), with similar repair values for extracts containing the pol␤ DN compared to empty vector controls. We observed less repaired closed circular DNA in the polDN extracts at lower DNA concentrations (Fig. 3A) . With less than 50 ng DNA/100 g extract, most of the damaged DNA (up to 90%) was repaired, with little unrepaired (oc) DNA (Fig. 3B and C) . Further experiments with different extract preparation batches confirmed repair deficiencies in the extracts containing polDN, but only at lower DNA concentrations, with concomitantly higher fractions of nicked DNA being repaired. Levels of XRCC1 were similar in both extracts, although the extracts containing pol␤DN showed slightly higher wild-type pol␤ expression (Fig. 3D) .
We hypothesized that the pol␤DN protein will bind to lesions in the DNA, thereby inhibiting their recognition and/or blocking access by wild-type pol␤. Repair activity of the wild-type enzyme on nonblocked lesions is not expected to change, consequently showing normal repair efficiencies. Repair block or inhibition of the pol␤DN-bound DNA fraction will be detectable only when repair is nearly complete, thus exposing the unrepaired DNA fraction. The observed repair efficiency dependence (shown at different DNA concentrations) is consistent with this idea. Since low DNA concentrations were only just visible after gel electrophoresis, subsequent experiments were performed at higher DNA and cell extract amounts but at similar ratios (10 ng DNA/100 g protein extract) (Fig. 4) . By the addition of radioactive nucleotides to the repair reaction mixture, we analyzed changes in incorporation rates. Figure 4A demonstrates the repair capacity determined by fluorescence intensities (left panel) or by autoradiography (right panel). Repair efficiencies (intensities of closed circular/open circular) were reduced in extracts containing pol␤DN in both measurements. Dividing intensity values derived from the autoradiography analysis (monitoring radioactive nucleotide incorporation) by the fluorescence intensity values (derived after SYBR Green staining of the same gel prior exposure for autoradiography) of the same band, provided a relative determination of incorporation rates (arbitrary units) of radioactive nucleotides. Fluorescence intensity values have been corrected by a factor of 1.6 for supercoiled plasmid DNA. The 32 P incorporation rates did not differ significantly in the unrepaired nicked (oc) DNA but were significantly increased in the repaired (cc) DNA of extracts containing pol␤DN (Fig. 4B) . The repair curves for control and pol␤DN extracts were nicely replicated in the experiments shown in Figs. 2 and 3, indicating equal extract quality. In addition, several independent cell extract preparations from different cell passages were analyzed to exclude variations in cell extract preparation being responsible for the observed differences in repair. Pol␤DN cell extracts repeatedly showed lower repair efficiency compared with vector control cell extracts (Fig. 4C, extract A and B) . Repair efficiencies varied in the individual experiments and in the different extract preparations, but on average, repair values of control extracts relative to extracts containing pol␤DN were increased by a factor of 1.89 (SD 0.43 with n ϭ 5 independent experiments). Although the difference in repair between the extracts was modest (85% compared to 92% of the DNA repaired), it was significantly different (P ϭ 0.043, Student's paired t test, or P ϭ 0.031 by a one-sided sign test). These data demonstrate repair inhibition on a fraction of radiationdamaged plasmid DNA in cell extracts containing a dominant negative of DNA polymerase ␤, suggesting that radiosensitization observed in the cell lines resulted from inhibition of SSB repair.
XRCC1-Deficient Cell Extracts Display Reduced Repair of Radiation-Induced DNA Damage
The involvement of XRCC1 in repair of damage induced by ionizing radiation has been evident since the discovery of radiation-sensitive XRCC1 mutant or deficient cells. derived from EM9 cells deficient in XRCC1 compared to the wild-type controls. Here we analyzed repair efficiency of genuine radiation DNA damage and observed a dramatic reduction of repair capacity in these extracts. The conversion of irradiated, nicked open circular DNA (oc) to closed circular DNA (cc), the repaired product as a function of repair time, is shown in Fig. 5A . Repair efficiency was determined as the ratio of the fluorescence intensity of the (cc) band to the (oc) band. A threefold difference in repair efficiencies of XRCC1-deficient extracts compared with wild-type extracts was observed in these experiments, confirming BER/SSB repair specificity of the in vitro assay used here.
When analyzed by autoradiography intensity values (Fig.  5B) , again determined as the ratio of open circular/close circular DNA to correct for possible loading differences, the reduction in repair was even more pronounced. The reduced repair capacity is probably due to reduced ligation activity in the extracts, and our data show that repair of radiation-induced SSBs in this in vitro assay is highly dependent on XRCC1/Ligase III activity.
DNA Damage Repair Deficiency after Exposure to Ionizing Radiation in Cell Extracts Lacking DNA Polymerase ␤
Our studies with dominant negative expressing cells indicated an interference in repair of radiation-induced lesions, although it was not clear if the block of alternative pathways had a bigger impact on repair capacity than the block of the wild-type enzyme itself. Here we questioned whether pol␤-deficient cells and their extracts exhibited reduced repair capacity in our in vitro assay for ionizing radiation damage. Less conversion to closed circular plasmid DNA was observed in cell extracts derived from mouse embryonic pol␤ knockout fibroblasts (pol␤ KO) compared to their pol␤-proficient counterparts (WT) (Fig. 6 ). Quantification showed a twofold reduction in the open circular/ closed circular conversion rate in the pol␤-deficient cells (Fig. 6B-D dard deviation 0.13, n ϭ 9) in pol␤-deficient extracts. In contrast, ratios determined by autoradiography did not differ (factor of 0.94, standard deviation 0.11, n ϭ 9). Repair efficiencies of DNA polymerase ␤-deficient cells remained low in comparison to controls with increasing extract concentrations (Fig. 6D) .
The reduction in repair was not as large as with extracts from XRCC1-deficient cells, indicating a substantial contribution of XRCC1-dependent but pol␤-independent processes. In a separate study, we found that radiosensitization by the pol␤DN was XRCC1-dependent and largely pol␤-independent (22) .
Interestingly, and in contrast to XRCC1-deficient cells, incorporation rates were increased in the circular repaired plasmid DNA of pol␤-deficient extracts in relation to the nicked DNA, thus resulting in equal repair values when determined by autoradiography (Fig. 6B-D, right panel) . As already seen in the agarose gel image (Fig. 6A) , less DNA incorporated higher amounts of radioactive nucleotides, indicating longer stretches of newly synthesized DNA during repair by extracts deficient in DNA polymerase ␤ compared to wild-type. Determination of the relative incorporation rates (ratio of autoradiography intensity values to fluorescence intensity values of the same band on the same gel) (Fig. 7A ) demonstrated that the closed circular DNA repaired by the pol␤-deficient extracts showed higher 32 P nucleotide incorporation (up to two-to threefold), while the incorporation rate on unrepaired DNA (open circular band) remained similar. In pol␤-deficient extracts, with less DNA repaired and an increased incorporation in the repaired fraction only, repair ratios (closed circular/open circular) determined by autoradiography were equal to the wild-type. These data show that other polymerases present in the extract cannot fully replace DNA polymerase ␤ but are capable of repairing a significant amount of the damages present in the DNA. About 30-50% of the lesions repaired in pol␤-proficient extracts appear to be repaired by alternative polymerases. Since repair efficiencies could have changed independent of DNA polymerase ␤ status, e.g. reflecting differences in extract qualities, we assessed repair of UV-radiation-induced lesion in the extracts analyzed for SSB repair. Plasmid DNA was irradiated with UVC light, and nucleotide excision repair activity was then monitored by incorporation of radioactive nucleotides. Figure 7C shows similar repair capacities on UVC-irradiated plasmid DNA in both extracts, demonstrating equal extract qualities. We conclude that the repair deficiency observed on irradiated DNA is specific to ionizing radiation-induced damage. The data presented here showed a decreased repair capacity of extracts deficient in pol␤, underlining the recently reported hypersensitivity to ionizing radiation when cells are confluent (18) .
DISCUSSION
The data presented here demonstrate the involvement of DNA polymerase ␤-dependent pathways in repair using an in vitro repair assay employing genuine ionizing radiationinduced lesions. Exposure to pol␤-deficient extracts resulted in less repair in these assays. However, considerable re- pair still occurred compared to XRCC1-deficient conditions, indicating significant involvement of alternative pathways.
The repair parameter measured here, appearance of a closed circular DNA band, is composed of two related processes: successfully completed BER after AP-endonuclease incision at several base lesions and SSB repair at the initial radiation-induced nick, and possibly at nonprocessed or unligated BER intermediates. Initiation of repair will lead to additional nicks, a consequence of the glycosylase and/or AP endonuclease action, at the site of a base lesion. Conversion to closed circular DNA will be possible only after ligation of these base excision repair intermediates and most importantly only after repair and ligation of the original initial radiation-induced nick. Addition of purified irradiated nicked (oc) DNA to the repair reaction mixture ensures that the appearance of closed circular DNA derived after repair of the original radiation-induced nicks (primary and secondary).
Repair inhibition of the pol␤DN was observed at repair rates above DNA saturation values, with no corresponding changes in the saturation levels. A possible explanation would be that only a fraction of the damaged DNA was left unrepaired in the extracts containing pol␤DN and that high repair values are needed to expose this ''unrepairable'' fraction among the repairable breaks. This is consistent with the idea that the pol␤DN physically blocks access of repair proteins to the lesion by binding rather than altering enzymatic activities. A possible alternative mechanism is an indirect effect on repair, e.g. through sequestration of proteins important for repair (27) or alterations of their activity. The difference in repair was reproducible and significant, and, together with the observed radiosensitization seen in pol␤DN-expressing cells, the data indicate interference in SSB repair leading to increased total damage. This in turn leads to lethality (manuscript in preparation). A direct involvement of the pol␤DN in repair processes of radiation-induced damage cannot be concluded from the repair assays applied here. Mechanisms of interference will have to be addressed by assays applying purified proteins on specific lesions. However, we showed that extracts derived from pol␤DN-expressing cells exhibited repair deficiencies that probably caused the observed radiosensitization.
Although there was substantial radioactive nucleotide incorporation in the nicked (supposedly unrepaired) DNA, we did not observe differences in this incorporation whether or not pol␤DN was present in the extract. Differences were visible, however, in the repaired closed circular DNA band, indicating that although fewer molecules were repaired, each repair event was apparently associated with more nucleotides, a feature of long patch repair. This could result from a switch in pathway choice after a short patch repair attempt failed or could indicate a preference of the pol␤DN for a particular fraction of lesions: Lesions that preferentially use long patch repair might not be affected by the pol␤DN, thereby leading to an increased incorporation rate in the repaired fraction. controls is repaired by short patch. Consistent with this idea, Biade et al. (24) described PCNA-dependent repair of abasic sites in pol␤-deficient extracts on circular DNA, with repair on linear DNA observed only when proficient in pol␤.
Use of long patch might depend on the initial damage encountered (28) (29) (30) (31) and its context within clustered damage (32, 33) . Finalization of long patch repair should have been unaffected by the Ligase III status. Unlike the situation with pol␤DN or in DNA polymerase ␤-deficient cell extracts, long patch repair did not contribute significantly to repair of the initial SSBs in XRCC1-deficient extracts, underlining its critical role in initiating SSB repair (short or long), as described previously (6, 34) . The majority of lesions remained unrepaired with these extracts, indicating that XRCC1/Ligase III proteins are essential for repairing initial radiation damage. This is partly a consequence of the lack of ligation by Ligase III but might also indicate an involvement of XRCC1 in long patch, since in these extracts and in contrast to the pol␤-deficient extracts no alternative repair (with higher radioactive nucleotide incorporation rates) was measurable.
In turn it also demonstrates a significant participation of pol␤-independent but XRCC1-dependent pathways in repair of ionizing radiation damage. This is consistent with conclusions from the cellular data of Fan et al. (35) and our own observation that the pol␤DN did not radiosensitize XRCC1-deficient cells (22) . In line with the cellular data and the data of Caldecott et al. and others (6, 34, 36, 37) , it suggests a critical role for XRCC1 at initial steps in SSB repair, stabilizing the lesion and enabling access by singlestrand end-modifying enzymes and polymerases.
In addition to single SSB lesions, ionizing radiation also typically induces lesions in proximity, referred as to clustered damage. Repair inhibition at clustered lesions might promote the formation of DSBs (32) . However, under the radiation conditions used here, the induction of clustered lesions is minimal (38) . Consistent with this, we saw little DSB induction in the assays described here. Since interference in SSB repair was observed, future experiments will address the contribution to DSB formation at clustered lesion as a consequence of the interference.
Interestingly, pol␤DN expression results in a significant reduction in survival after ionizing radiation, consistent with the observed repair inhibition, whereas deficiency in pol␤ has an effect only when the cells are nonproliferating. Our data suggest that repair is slowed down but not completely blocked in the pol␤-deficient background, allowing redundant repair activities (such as replication-associated repair) to act. Such activities are not present in the in vitro assay. Alternatively, lesions occupied by pol␤DN might differ in cytotoxicity from the initial lesion or in its persistence. Truncated DNA polymerase ␤ proteins have been found in many cancer cell lines (39, 40) , implying that their BER/SSB repair inhibitory action adds to their oncogenic potential (41) (42) (43) . In addition, tumors carrying such mutations may have increased radiosensitivity. DNA polymerase ␤ inhibitors resulting in synthesis-inactive but DNA-binding proficient pol␤ proteins, analogous to the pol␤DN, might be worth testing as potential radiosensitizers.
Taken together, our data suggest a critical role of DNA polymerase ␤ in SSB repair and BER of ionizing radiation-induced damage. This translates into increased killing when devoid of backup repair or if persistent blocks of redundant polymerases occur. Repair inhibition was less than that seen in XRCC1-deficient extracts, demonstrating involvement of XRCC1-dependent, DNA polymerase ␤-independent repair pathways. Increased nucleotide incor-290 VENS, HOFLAND AND BEGG poration suggests that long patch polymerases are capable of repairing a considerable fraction of the damage in the presence of XRCC1.
